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The  following  text  is  given  in  the  format  required  for 
presentation  at  the  8th  ICAF  Symposium  and  Ooiionuium, 
to  be  held  in  Lausanne,  2-5  June,  1975 - 

The  paper  briefly  reviews  the  AGARH  approach  to  fatigue  and 
fracture.  This  is  essentially  the  examination  of  microstructu. 
ai  influences  on  fatigue  strength,  fatigue  crack  propagation 
resistance,  fracture  toughness,  and  stress  corrosion  in 
aluminium  alloys,  titanium  alloys,  and  high  strength  steels. 
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AGARD'U  APPROACH  TO  FATIGUE  AND  FRACTURE  RESISTANCE 


R.J.Ii.  Wanhill 

National  Aerospace  Laboratory  NLR,  The  Netherlands 


SUMMARY 


AGARD  has  organised  two  recent  meetings  on  alloy  microstructure 
influences  on  fatigue  and  fracture,  principally  in  high  strength 
structural  materials.  The  present  paper  briefly  reviews  the  subject, 
covering  fatigue  strength,  fatigue  crack  propagation,  fracture 
toughness,  and  stress  corrosion  in  aluminium  alloys,  titanium 
alloys,  and  high  strength  steels. 


At  the  invitation  of  the  AGARD  Structures.!  and  Materials  Panel,  a number 
of  specialists  presented  pilot  papers  on  fatigue  and  fracture  in  aerospace 
structural  alloys  at  a meeting  in  Milan,  April  1973^.  Discussions  in  an  Ad  Hoc 
Group  resulted  in  a recommendation  to  the  Panel  to  organise  a specialists 
meeting  on  Alloy  Design  for  Fatigue  and  Fracture  Resistance.  This  meeting 
was  held  in  Brussels,  April  1975* 

Essentially,  the  AGARD  approach  has  been  to  examine  in  detail  the 
influence  of  microstructure  on  fatigue  strength,  fatigue  crack  propagation, 
fracture  toughness  and  stress  corrosion  in  three  types  of  materials: 
aluminium  alloys,  titanium  alloys,  and  high  strength  steels. 

The  present  paper  reviews  these  topics.  During  its  preparation  much  of 
the  original  literature  referenced  by  the  specialists  was  consulted,  as  well  as 
many  other  publications.  This  was  done  in  the  hope  of  avoiding  excessive 
selectivity  on  my  part.  All  credit  is  due  to  the  specialists,  whose  compre- 
hensive treatments  made  this  review  possible. 

FATIGUE  STRENGTH 

The  high-cycle  fatigue  strengths  of  high  strength  materials  are  compared 
in  Table  I.  The  table  shows  that  aluminium  alloys  and  maraging  steels  have 
poorer  (fatigue  strength/ultimate  strength)  ratios  than  low  alloy  high  strength 
steels,  and  that  there  is  a wide  spread  in  titanium  alloy  fatigue  strength.  Much 
work  has  been  devoted  to  improving  the  fatigue  strengths  of  aluminium  alloys, 
and  to  obtaining  consistently  high  fatigue  strengths  in  titanium  alloys. 

Most  high-cycle  fatigue  testing  has  been  carried  out  in  an  air  environment, 
for  which  mechanical  and  microstructural  parameters  are  likely  to  be  dominating. 
Consequently,  the  following  discussion  is  based  on  testing  in  aii . However, 
it  must  be  noted  that  corrosive  environments  have  a strong  effect  on  the 
fatigue  strengths  of  aluminium  alloys  and  steels  (but  not  titanium  alloys), 
so  that  continuing  investigations  should  take  environmental  influences  into 
account . 
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showed  that  cracks 


initiate  at  inc.lu:-i c-ns  in  4340  steel,  and  that  large  inclusions  provide 
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nucleai  m sites  1 ■ higli-cyo  • o fatigue.  THORNTON'  critically  reviewed  a 
number  ; 1 •-  i > ..•■  -0  tempting  to  relate  inclusion  content  and  size  to  fatigue 
strength  in  low  a] Loy,  high  strength  steels.  He  concluded  that  no  general 

trend  exist;.,  although  in  some  cases  increasing  inclusion  content  and  size 

apparent1 ••  vvvri  1 at Lgse  strength. 

Thi  low  fatigue  strength  of  rnaraging  steels  is  due  to  extensive  cyclic 
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softening  . In  ageu  thigh  strength)  rnaraging  steel  the  source  of  cyclic 
softening  rooms  to  he  the  multiplication  and  rearrangement  into  cell  structure 
of  geomet:  .•  11, y nc>r  essay  dislocations  associated  with  the  ago-hardening 

precipitates  . Thermonicclutr. ical  processing  can  raise  the  fatigue  strength 
by  30  / , apparently  lw  .-.ruse  of  the  development  of  a dislocation  cell 

stria  1 1 . ••  g in:  i i i t : ng  cyclic  cning)  and  a coarsening  of  precipi- 
tates. Tho  latter  t nd  to  inhibit  formation  and  spreading  of  deformation  bands 


aid  p?  on  th<  1 . , z ; : 


lef oiw.ation  by  cress-slip 


29 


PAT]  riT 


A(  V.  PROP  A'’;  CION 


A r»->  'a  . t.  i i 


i pcndencc-  of  fe 


crar.1:  propa.-at ion  rale  on 


str-v  i : * i *,  1 ■ ! is  ;1  vc  !•  • 'T  rure  4.  At  v ry  low  stress  inten- 
se ti  es  o!  indications  f threshold  va  ues,  AK-  ,,  for  crack  growtl 

' Til’  h 

At  high  si  r.  i ' •.  ; 1 IV  .d  r-d  • ace  .lend  ea  greatly  as  the  maximum 
stre  • - '*.•••'  ....  tm-e  toughness,  K,. 

i ' s ■ cl  sign,  s!"i.  rates  above  0.1  mn/cyclo  are  usually  of 

i i i 

great"  t •••'’'.At: 
eze  • 1 s ’r  ■ I n:  . S ' 

Ths  fe,  1 "Mi!-  rat  ' f o 

-lir  rt  st  I ... 


n 1 n * 
that  i 
and  !i 


•■sd  of  . i . s jtgiiv  the  basic  im  crost  nurture 
; r.  ml  ! > •;  : omir a] ] y ir.it  environr  • 
!e ■ • ’■  ’I  re  air  arc  norm  1 i;-«>d  by 

; < f • ’s  modulus  ’ ndi cat* 

! • I p 1 1 vitae t.-'  r . Per  i olt  r ize 

• f V - ertlv  d v 1 


The  ('• 

tion  rut <.  _•  . 
with  • u t 


1 " i ■ >[  <gQr- 

, i . .:h  of  the  fr  ! lowing  sub-sections  ill  i.oncl  tide 
• of  envlrom."  :nt  il  < ffects . 


A1  iv  ' 

1'  shows’  U ••  v.".  Hi  t spread  ir,  fatigue  crack  propagation  resistance 

i*.  . 1 even  d erent  manui  1 'ers,  and  also 

compa.  . . > 1 ( ..•  ! .*  . T'ru  differences  arc  not  large;  crack 

rates  i . !4  ' ( t E)  ■ 1.5-2  time;  thost  foi  2024-T3  (Heat  P)j  crack 

rates  in  1 4-'--'  (:h  . i E)  1-3  times  those  for  2024-T3  (Heat  E)  . 

Figure  6 show  tl  . I . 1 rate;  ■ r:  are  general  ly  higher,  "by 

a factor  3)  than  in  C.  4-  i J alloy.  It  • vests  likely  that  this  difference  is 


mainly  met..  I ! i 

. -y, 

ment-enh'  . ... -r  i • 


than  di.  ■ to  differing  susceptibility  to  environ- 


Recent.-w'oT'k  show.,  that  v;i thin  each  of  the  2000  and  7000  alloy  series 
there. is  little  difference  in  crack  propagation  rates  in  air  up  to  rates  of 
about  O.h  urn/ cycle.  In  one  ca  .e  the  concentration  of  small  inclusions 
(0.1-0.2  fiia}  in  2024  was  reduced'’.  In  another  instance  three  7075  alloys  of 
high,  medium  end  commercial  purity  with  respect  to  inclusion  content  were 
compared''0 . Lastly,  7475  and  7 0^0  alloys  in  various  tempers  have  been 
compared  with  JOT  in  T.’  an  ; TV. O'  t-  1 ’ ’ " "*  ■ 

Crack  propaga  tion  : a t<  r,  abov-  alert  l am/cyclt  can  be  doubled  by  the 

presence  cf  in,  ! ;;■■  .!  .ns  ’ , since  these  art  nuc  lea  tion  sites  for 

. , ...  40,41 

larg  ■ ids  ....  h ;nif it  ;.  advant  the  crack  front  7 

A 1 , 

Ext  ns  test  o ,’1'  ’ has  . op  that  he  effect  of  environment  in  the 
fail-safe  ■■  jin  fr  jueno1  lge  is  at  least  as  significant  as 

varial  Lons  tr  ch;  fatigue  e rac k . t K rates . Results  on  the  new 

7000  series  alloys,  74  ’ ; ; • are  summarised  i r f i gore  7 : crack  rates 

in  3.5  ; tCl  were  2 '•  times  ’aster  than  in  dry  air. 


Titanivar  • 1 i 


..  r ■■  i- ir.f-.,  • • > i idn;r  lur  ing  crack  propagation  in 


titan!1. 

. i !. 

rrii  1 <*)  0 

r no 

roi.rr  M.\ 

■ in  err  is 

' 3 

non;  1 a • 

ver. 

; lov;  n 

f . - . 1 

• . . 

■ •.ir  ( < 0 

. 1 t:  rs  / uycl  e 

SUrf ■ 

1 . .1 , 

, . 1 y 

f ' * 

1 •'  * . t r'( 

1 y 

1 , and  the 

co arc.'.  '•  : 

• 1 

& j vc* 

' . 

..**■  • *.\V 

•k.  pivpagat 

. 46 

ion  rate; 

reg ; 1 . re!< 

1 t 

fa  1 l - 

afe 

••  1 i n 

f 

k < rat 

co.  n rrt, 

tion  r ‘ • 

, ; . 1 

\ . 

! ^ r li-‘:  I t: 

ml  v.,ri.;ti 

Mbcr  than 
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halved  tiu  -rack  • • itcc.  over  the  range  0.01-1  im/ cycle  for  Ti-6Ai-4V  and 
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Ti-oAl—  V-'.’Sn  ’ al  .•  yc  in  f : <•  is  irys  t.ui  libation  annealed  condition.  However, 
very  ! ow  ■ >r  nts  • ■ in  signific  nt  losses  in  yield  strength. 

Thus , at  I iim  oc::.hinat  i .>a  ■> strengt’  and  crack  propagation  resistance 

might  be  obtained  ti,r  choosing  an  alloy  of  intermediate  oxygen  content  with  a 
very  resi  t;  m.icr  structure  , such  as  bh  ■"  annealed  condition  ( al  though  j i 
is  not  kn  wn  if  >xy;  coni  1 exerts  . signific  nt  effect  on  crack  rates 
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a graphic  illustration  of  the  Importance  of  Young's  modulus,  since  the  steels 
wore  of  widely  different  compositions  and  micros tructures . 
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Figure  11  also  shows  that  in  the  ultrahigh  strength  range  (oy  > 1600  I-uJ/i.i  ) 
the  maraging  and  trip  steels  are  superior  to  commercial  purity  low  alloy  steel:: 
and  AM  355CET  and  PI!  lp-7Mo.  One  I’eason  for  the  inferiority  of  the  low  alloy 


steels  appears  to  he  susceptibility  to  brittle  fracture  at  prior  austenite 
^ ^ 7 3 

grain  boundaries  ’ 1 . The  contribution  of  this  fracture  mode  is  lessened  by 


reducing  the  content  of  elements  which  promote  temper  embrittlement 
(3,P,As,Sb,Sn)*  , with  a resulting  improvement  in  fatigue  crack  growth 


resistance  (figure  1.1,  the  data  for  high  purity  ly  Ni-Cr-Mo  steel).  Second 


phase  narticl' 
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h je  little  or  no  el  feet 
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Pony  results""'  ’ ' 1 ' show  that  aggressive  environments  can  greatly 

enhance  crack  propagation  rate::  in  high  strength  steels,  the  degree  of 
enhancement  being  strongly  dependent  on  test  frequency. 

Fatigue  crack  propagation  resistance  is  not  normally  considered  when 
selecting  high  strength  steels  for  application.  A notable  exception  is 

p 

10  Ni  steel  (ay  ~ 1300  I’dl/m"  ) , which  was  chosen  for  U.S.  Navy  and  Air  Force 
evaluation  programmes,  the  latter  pertaining  to  the  B-l  wing  box.  This  ste- 
has  excellent  weldability,  fracture  toughness  and  stress  corrosion  resistance 
and  its  resistance  to  corrosion  fatj  Is  reported  to  be  very  good,  as  can 
be  seen  fron  figure  12:  even  at  Low  frequencies  the  maximum  enhancement  in 
crack  rates  by  water  is  only  a factor  of  2. 
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FRACTURE  TOUCiiliSCrj 


It  is  generally  found  that  fracture  toughness  decreases  with  increasing 

79 

yield  strength,  re  1 3-  HAHN  and  RQS  I iTELT)  " exp  Lain  this  trend  in  l ho 
following  way.  They  sugge  I that  th  j last  Lc  instal  Llities  leading  to  fracture 
are  a consequence  of  slip-induced  breakdown  of  the  submicron  particles  which 
strengthen  the  alloys,  and  that  this  breakdown  occurs  more  rapidly  at  higher 
strengt 1 Levels,  where  the  particles  are  smaller  and  mor<  fi  gile. 

The  preceding  hypothesis  remains  unproven,  but  what  is  certain  is  that 
the  nmoun  ‘ • , rt.ri'.  at  ion  and  morphology  of  alloy  phases  and  the  presence  of 
coarse  second  phase  part  oles  have  a larg<  influence  on  t ughness . 


Al'i-’r,  al  1 q-’  ; 

1-  lusing  the  ' li.ro.  fraction  of  coarse  (>  1 ,nm)  into rmetal lie  particles, 


which  arc  m:c ! i for  large  voids,  can  significantly  improve  the  fracture 

c 23  79-81 

tough  n< . :■  v.ith  little,  if  any,  Loss  in  strength^’ y .In  particular 
th<  Fi  >nd  Si  contents  is  bem  ficial  for  7000  series  alloys, 


?■  *-  *+  i* 


e.g.  fig. 


\ 
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A much  more  difficult  problem  is  posed  by  finer  particles.  These  have 
a less  strong  hut  still  important  influence  on  toughness.  Some  of  their 
constituent  elements  (e.g.  Cu) , while  they  lower  toughness  Ly  aiding  inclusion 
formation,  on  the  other  hand  contribute  to  alloy  strengthening  by  the  age- 
hardening precipitation  reaction. 

Particles  in  the  0.03-0.^  urn  T*n.nge  appear  to  have  dual,  but  contradictory, 
influences  on  toughness  . They  suppress  recrystallization  or  limit  grain 
growth,  thereby  favouring  transgranular,  high  energy  fracture;  but  they  also 
act  as  nuclei  for  sheets  of  small  voids  between  the  large  voids  nucleated  at 
5 

big  inclusions  . 

The  finest  particles  0.01  ftm)  are  the  age-hardening  precipitates.  Their 

sise  is  very  sensitive  to  heat  treatment,  and  they  exert  a major  influence  on 

toughness  in  7000  series  alloys:  coarser  and  more  numerous  grain  boundary 

particles  promote  intergranular  fracture  and  low  toughness^’  ” M.  This 

effect  results  in  an  influence  of  grain  size  and  shape  on  toughness  in 

convention':!  1 y processed  and  overaged  materials,  figure  ] Some  data  indicate 

84 

that  the  matrix,  precipitates  and  the  width  of  the  grain  boundary  precipitate 

8^  84  8s 

free  zone" ’ have  no  influent-.  on  toughness.  VAIJ  L33SUWE3J  ' found  that  a 

Structural  Coars  enes:  In  • s (a  uei  ht<  : average  of  the  sizes  of  matrix  and 

grain  boundary  prccipi tatc.:-  and  the  widths  of  precipitate  free  zones  at  grain 

boundaries  and  lar  jer  particles)  correlated  moderately  well  with  fracture 

toughness,  figure  ] r . 

Thermanechanical  treatment  (Tv;T)  of  7 000  series  alloys'*  ^ can  achieve 

about  20  improvement  either  in  strength  with  no  loss  in  toughness,  or  in 

toughness  ai  a given  stren<  tl  lev<  L.  Intermediate  (iTMT)  processing  im]  1 ves 

toughness  by  refining  the  grain  size  and  separating  coarse  inclusions  from 

the  location  e ' tin  grain  boundari  . Final  (FTMT)  processing  exerts  a 

strengthens  - by  level  iping  precipitate-stabilised,  ’.nee,  uniform  dislocations 

s 

However,  there  are  cost  and  control  problems  , and  the  lack  of  improvement  in 


87,90 


11 


notched  fatigue  strength”  is  discouraging.  KAIT 


FMA1J5 


suggests  that  more  signify 


mt 


strength-toughness  improvements  may  come  from  powder  mt  tallurgy  Hoys;  but 
again  there  is  a cost  problem. 

Titanium  0 i . eve 

Titaniuu  alloy:  are  inhi  rently  clean.  The  fracture  toughness  In  commercial, 
high  strength  alloys  is:  chiefly  influenced  by  alloy  phase  distribution  end 
morphology;  texture}  and  Lnt<  rstitial  oxygen  and  hydrogen  contents. 


6.1/9 


91-99 

Numerous  investigations  have  shown  that  the  fracture  toughness  of 

an  alloy  is  generally  improved  by  increasing  the  amount  of  acieulur  a,  which 
is  obtained  by  processing  and/or  heat  treatment  either  in  the  [3  phase  field 
or  just  below  the  (3  transus.  However,  as  figure  17  shows,  there  is  no  overall 
super! 03 ity  of  processed  or  heat  treated  alloys.  In  fact,  the  fracture 
toughness  is  consistently  raised  above  the  median  values  for  all  data  only 
over  the  yield  strength  range  1 000-1 150  MN/ir  . This  result  is  no  longer  very 
surprising,  since  more  recent  work  shows  that  besides  the  volume  fraction  of 
acicular  a (and  the  textural  and  interstitial  content  effects)  the  fracture 
toughness  is,  or  may  he,  influenced  by  the  volume  fractions  of  primary  a, 
untransformed  (3  and  aged  |3;  by  the  volume  fraction  of  plate  a precipitated 
at  prior  9 grain  boundaries;  by  the  acicular  oc  plate  thickness,  length  and 

spacing;  by  the  width  of  the  interface  between  a plates  and  untransformed  9; 

, , ^ „ 47,49,97,101-104 

and  by  recrystal ! is  at  ion  of  primary  oc.  7 1 1 

47 

PATGN  et  al  propose  the  following  dependence  of  toughness  on  micro- 
structure  in  a-3  alloys:  (3  anneal  treatments  are  preferable  to  («+f*)  treatments; 
in  (otff ) processed  and  heat  treated  materials  optimum  toughness  is  achieved 
by  recrystallization  of  a and  minimizing  the  volume  f raction  of  untransf ormed 
cr  aged  f3;  heat  treatments  producing  layers  of  a at  prio-  grain  boundaries 
can  increase  t .ghness. 

Strong  textures  result  in  toughness  varying  by  up  to  a factor  of  2 for 
different  crack  plant  orientati  >ns  and  fr actus  direction!  ’ 1 . High 

toughness  occurs  when  the  crack  plane  and  fracti  direction  most  readily 

, ..  22,106 

permit  plastic  flow 

Lowering  oxygen  content  from  normal  commercial  levels  (~0.2  wt.%)  to 

extra  low  inter:  tit  al  (ELI)  . vels  (0.10-0.13  wt.^S)  almost  doubles  the 
107,108 

fractu  toughness  * with  about  10  7 loss  is  t 1 ength.  Even  higher 
toughness  occuis  in  ..  Low  xygen  (VLG)  mat  rials  (<  0.08  wt.$)  but  th< 
yiel  d : t r<  1 . probably  una<  ept able  for  ail  raft  ; Lcat ions,  and 
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without  loss 
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Steels 

Maraging  steels  usually  have  much  higher  fracture  toughness  than 

quenched  and  tempered  steels  at  a given  strength  level,  figure  13. 

112 

COX  and  LOW  " argue  that  the  prime  reason  for  this  difference  is  that  in 

low  alloy  steels  large  voids  nucleate  at  inclusions  (e.g.  I-5nS)  and  link  up 

via  sheets  of  small  voids  nucleated  at  the  carbide  precipitates  which 

strengthen  the  alloys}  hut  in  maraging  steels  only  the  large  voids  occur, 

at  Ti(C,N)  inclusions,  and  these  have  to  grow  until  they  coalesce. 

1 13 

Recent  work  on  Doac  steel  confirms  the  primary  role  of  carbide 
precipitates.  However,  other  microstructural  features  are  very  important. 
Figure  18  shows  the.  effect  of  unconventional  heat  treatments  on  the  fracture 
toughness  of  4340  steel:  the  toughness-yield  strength  trend  has  oc-.-n  shifted 


laths,  and  to  tic  absence  of  twinn<  t plates^  . 

4 169 

steel  ■ . 


to  that  of  maraging  steels.  Thi  : imp  . . ■ . . : was  attribute.!  to  small  amounts 

of  retained  austenite  in  a network  : ri  >undin  :.  marten  Lte  plates  and 

1 1 A 

A similar  beneficial 
f.o 

influence  of  retained  austenite  occur.-  in 

Qualitative  effects  of  mini o.  true  tv:  g : c-atujvs  on  toughness  in  quenched 
and  tempered  steels  are  listed  in  a 11.  Ai  th  pres  nt  1 Li  it  is  no! 

i "I  y] 

possible  to  establish  the  combine  l i es  of  a number  of  mici  > constituents  . 

Research  proceeds  cn  an  experimental  basi  , s es  wi  i . \ ...  tpecti  1 

...  114 
results 

Desj  ite  the  . irt  lc>  f - >1  phases,  the  3 . • toi  ghn< 

of  high  strength  ..taels  can  be  most  readily  improved  by  greater  microstructural 
oq  112, 11S 

clean  liness,  1 ’ sine  a.  ] . . - >ns  pi  >vi  le  « asy  nu  • n sites  foi 

lor*: 

a.  1 ^ 

consolidation1 

Fig:  19  il  ustra  s tl  lej  - ice  of  toughness  of  several  steel  s nn 

volume  fraction  of  weak  secoi  1 phases  (inclusi  Toughness  1 :rea  es  with 

incr easing  volurm  fraction  of  inclu  ions,  althoi  h th<  trend  is  less  sti  ng 


11? 

voi  : nee  tm  current  trend  to  vacuum  induction  raeltin  luring 

70 


at  higl  er  strengt  levels . Limit  lions  to  figui  1 1 a • - t1  a t th<  data  are  few, 

79 

and  all  cond  phases  avo  i e r n assume  • eq\  y 1 1 r n ntal  . Phc  trends, 
particularly  for  higher  strength  steels,  need  to  b«  refin  especially  in 
the  low  v lumi  fraction  regime.  Furthermore,  not  all  second  j ases  art 

equal  ly  d<  1 - i n en tal.  For  - xampl*  , MnS  ar  1 Ti  ( ;','l ' hav  dom  natin;  Lnfl  i es 

. . . , , , . , . , . , L12,ll6 

in  4340  ■'  end  .vvrv  str-i.-Js,  respectively. 

As  with  fatig  ci  ;k  • ■ >pagation,  fracturi  toughness  is  rarely  a design 

criterion  foi  I strei  ! '.  si  Is.  r'  st  components  are  safe— life,  since 

critical  d-.!’c  • sixer,  nr*--  no ’-ally  too  small  to  permit  gw:  --ni  -od  in-service 

detection.  Tlie  0 f . to- -1  Icing  <vilua1el  by  the  U.o.  Air  Fore,  and  Navy  has 

/ 3?2 

•;  plar  ..  : ■ 1 r- , ! ii  l : c turc  to  d.;.  . .-  m excees  01  20<  I/i  ' , wr  . ••  is  sufficient 
to  ensure  foty  in  thicknesses  up  to  4 cm  at  ,t  yield  strength  of  1300  l”l/r.‘ 

: m *■*=■* 
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STRi-bD  CORHO.UQd 

The  trend  of  increasing  stress  corrosion  susceptibility  i.ith  increasing 
strength  is  a swore  limitation  on  high  strength  materials.  IT.i i :•  especially 
true  of  7000  series  aluminium  alloys,  and  steels  with  yield  strengths 
> 1 1^0  MN/m  , which  tend  to  be  highly  susceptible  to  aqi  eous  stress  corrosi  n 
in  loth  smooth  and  notched  conditions. Nearly  all  titanium,  alley,  ar  .;::;.uno 
to  aqueous  stress  corrosion  in  the  absence  of  a crack.  This  helps  to  explain 
their  exemplary  performance  in  safe— life  items.  However,  laboratory  tests 
have  shown  that  for  many  titanium  alloys  the  propagation  of  a pre-existing 
crack  is  greatly  accelerated  by  aqueous  stress  corrosion,  so  that  this 
phenomenon  must  be  considered  in  designing  for  fail-safe ty . 

Aluminium  si  ley. 

The  main  technique  for  controlling  stress  corrosion  is  artificial  ageing 

( overage i nr  in  7000  series  alloys).  Alloy  composition  and  p dn  :•  rpholc 

llS 

are  usually  less  important  . Thermomechanical  treatm  nt:  (TMT)  ndi 
the  possibility  of  avoiding  the  strength  reductions  which  or:u:  in 
conventionally  processed  and  overs ged  materials. 


Table  III  summarises  salt  w.jIct  stress  cor: . 


■ ; on  r t an. 01  some 


m-  - 


conventionally  processed  20Q< 1 and  7000  series  alloy:  1 ided  in  : he  si  >rt 

trans :ve rs  dii  ction.  In  the  natui  LI  y age  1 i nd  T4  temj  rs  th<  series 

alloys  a r s i Lgh iy  susceptible.  2014  is  als  : pi  1 < . . i cially 

aged  K temper.  All  high  strengtl  r000  series  ali  1 susceptible  in  the 
T6  temper,  and  the  only  effective  means  - f Lmpi  ix  h: 

lit)' 

stress  corrosion  resist  an  • is  artificial  in;  . !:.•  : ; s:  i vv..  • - is  a 

10—1 5 lor-r:  in  yield  strong!!  . 

Vari  ...-  theories,  gen:  ral  iy  regarded  as  coi  ‘ tij  •,  1 late  : ■ . . 

corrosion  su:  :eptibility  to  th«  matrix  pr  Lpil  t<  3 , t h:  Ltate 

free  zon:  width  , \ th  gi  n 1 mdaiy  particle  size  2 , and  to  the 

1 pi, 

solute  content  of  the  precipitate  f re:  :on<  . / these  ju  I tj  ■ nd 

to  change  simultaneously  with  heal  treatment,  thereby  compli eating  the  inter-; 

hh 

pretation  of  resull  . VAtl  LEEUWEN  has  consider  i this  problem,  using  the 
Structural  C seness  Index  (see  previous  section).  He  found  that  for 
7079  alloy  the  Index  gave  a better  correlation  than  any  single  quantity,  but 
that  for  DTI)  '/X'-)  there  was  a better  correlation  with  the  matrix  precipitates. 
This  result  cpi  l.omiscs.  the  state-of-the-art  at  the  present  lime.  Tt  is  note- 
worthy t,l  t VAN  LEEUNEN  el  al1?  and  THOMPSON  and  HER S ■ ' advocate 

com binat  on  of  th:  1 ori  • • , with  hy  1 1 ogc  n embrittl:  nent  as  a possible 

1 ink ’ ni  fac ‘ or. 
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Both  2000  and  7000  ueri.es  alloys  benefit  from  theimomcchanical  treatment 
(TOT) . Pinal  (PT'.IT)  processing  enables  20?4  to  achieve  a 16  c«>  increase  in 

yield  strength  ov.  r the  T85I  condition  v;ith  equivalent  stress  cori-osion 

128 

resistance  , and  for  7000  series  alloys  strength  levels  equivalent  to  T6 

11  87  128.129 

tempers  can  be  obtained  with  T/3  stress  corrosion  resistance.  ’ ’ ’ 

These  improvements  were  attributed  to  a uniform  high  density  of  dislocations 
and  distribution  of  precipitates,  the  latter  being  comparable  in  size  to 
those  produced  by  overageing  c . Intermediate  (iTUT)  processing  of  "600  series 
alloys  raises  Ki  by  20-29  f-  in  the  short  transverse  direction,  with  about 

SCO  QQ 

9 % loss  in  'longitudinal  and  transverse  yield  strengths  . The  Kjg 
improvement  is  probably  mainly  due  to  avoidance  of  the  elongated  grain 
boundaries  characteristic:  of  the  short  transverse  direction  in  conventionally 


processed  material,  since  such  boundaries  provide  an  easy  fracture  path 


, 118 


118 


increasing  the  amount  of  major  alloy  additions  in  solid  solution 
119 


Alloy  composition  has  a modest  effect  on  stress  corrosion  resistance 
In  general , 

119 

increases  susceptibility  . Minor  additions  have  two  kinds  of  effect: 

elements  like  Cr,  Kn  and  "r  tend  to  form  intermetallics  which  pin  grain 

boundaries  and  stabilise  the  wrought  grain  shape,  thereby  influencing  stress 

corrosion  resistance}  Cr  and  I-In,  and  other  elements  like  Cu,  Li  and  Ag, 

influence  stress  corrosion  through  altering  the  ageing  kinetics  and  sometimes 

ll8 

the  particle  morphology 

9 

A fin  : . nl  relates  to  data  presentation.  KAUFMAN  points  out  that 
aluminium  alloy  values  do  not  provide  safe  levels  of  stress  for  all 

is  an  example,  figure  20  shows  clearly  that  the  sm  11  flaw  part 


crack  si  wo- 


of the  K-r  anal' 
I sec 

should  b<  ised. 


is  unconservative,  such  fchal  gross  section  stresses 


^'i  riTi  i i XT' 


L oys 
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Met' ! si  i tables  which  influence  the  stress  corrosion  susceptibility 

aro  the  alloy  composition  and  interstitial  content,  the  slip 
itructu  , morphol  y id  jrai n size  of  the  alloy  phases . 


Tru. •>:  v .-  an  ■ ewkat  interrelated,  but  their  relative  importance  in 

'ter;:  in  ag  •;  ‘it  ] ity  in  different  for  the  different  typr  s of  alloy. 

. , • LI  mportani  Influence  is  composition}  for  a— fi 


all< 


rp!  •. } md  for  | all oyi  i ! is  phase  structure,  i . e . 
! : . turo  is.  .■•11-6  or  age  .1  to  contain  more  than  one  phase;. 


130 


High  ' - mmer<  • 1 alloys  (yicl  i strengths  > 890  KN/m  ) are  1 a inly 

1 00 . 

of  the  a-  typ<  ’ For  these  matori air.  tin  principal  detoimir.-mts  of 
s'lncepti  1 ‘ ■r<  1‘  gram  .1  , volume  fraction  md  mean  free  path  of  the 
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130 


Decreasing  these  parameters  reduces  susceptibilityl^-^^ 


susceptible  a phase 
This;  is  done  by  temperature  cycling  through  the  ft  transus  during  processing 
or  heat— treatment:  equiaxed  a transforms  to  fine  plates, the  volume  fraction 
of  (1  is  increased,  and  the  dispersion  of  f!  (which  is  immune  and  act;:  as  a 
crack  arrester1  '*0’ 1 1 •■’3*1  1..  1 ) between  the  « plates  redu  es  the  mean 

free  path.  Figure  21  shows  that  p processing  and/or  heat  treatment  generally 


raises  K 


above  median  va lues . 


In  a-3  alloys  interstitial  content  has  less  influence  on  stress  corrosion 
susceptibility  than  phase  morphology.  Reduction  in  oxygen  content  to  extra 
low  interstitial  (ELI)  levels  is  beneficial  mainly  to  touglmesr-  (see  previous 
section),  except  ween  the  total  (Al+0)  content  is  critical  in  determining 
susceptibility  . Similarly,  reduction  in  hydrogen  content  (below  30  ppm)  ( 

except  in  otherwise  highly  susceptible  alloys,  when  , 


140 


has  little  influe nc : 

Kt  can  be  doubled 

xscc 

Except  in  3 alloys  the  mechanism  of  stress  corrosion  cracking  involves 

o o 45,137  141 

cleavage  of  the  a phase  on  a plane  13  -17  from  basal  ' ’ . This  results 

in  a pronoun-  el  effect  of  texture  in  determining  susceptibility  in  (a+p) 
processed  and  heat  : : <j  materials  , 5 procer.  in  • and/or  heat  treatment 

has  the  advantage  of  randomir. Lng  texture  as  well  as  providing  resistant 
microstructures . 


Ti.c  most  important  factor  governing  stress  corrosion  susceptibility  in 

I An 

high  strengtl  : Ls  is  li.  strength  level  . Pi  22  shows  failure  times 

for  smooth  S]  is  exposed  to  a marine  atmosphere,  and  Kj  values  in  salt 

water  for  a numb  ■ of  Las  ies  of  steel.  A: I fceels  i Lh  yiela  strengths  above 

p 

1450  M/r.  arc  susceptible  to  stress  corrosion  and  tend  to  have  low  Kj  ^ 
values,  irrespective  of  the  type  of  alloy,  composition,  structure,  or  heat- 
treatment  . 

Crack  initiation  in  smooth  specimens  commences  from  surface  pits,  “ 

151-154 

which  are  prom  to  form  at  Lnclu  >i  ins  . The  most  resistanl  1 ai  ri  . s ar 

the  martensitic  stainl  ss  steels  (e.g.  1 7-4  PH»  1 1— 5 PH,  PH  l.Vr/o,  AH  ;•  0 

/ . ..  , 1/  ,148 

followed  by  semi-austenitic  stainless  steels  (l'— 7 FH,  PH  15-TMo,  AM  35b)* 

The  1 ow  alloy  stei  requirf  protection,  wl  Lcl  Ls  generally  a coi  t ! n ; . > 1 of 

cadmium  pi  at  in*.  ; nt?  over-lying  paint. 

Crack  propagati  in  Ls  mainly  intergranular,  along  prior  au:  : nil  grain 

bound nri e • . Crack  rates  are  generally  faster  at  higher 

r 4 r,  1 /iC 

strength  lev  • c , and  ru  - grcvjtly  dependent  on  microstructure.  At  r 


EPr?,-*--  ft,  .* 


given  strength  level  the  fastest  cracking  is  observed  in  low  alloy  steels. 

Increasing  alloy  content  lowers  the  crack  velocity  and  maragir.g 

steels  have  crack  rates  ~ 10  times  less  than  low  alloy  steels'*^.  Reducing 

the  grain  size  of  4340  steel  decreased  the  crack  velocity 

CARTER'*^  showed  that  crack  rates  in  a 350  grade  managing  steel  could  be 

varied  over  two  orders  of  magnitude  by  changing  the  ageing  temperature. 

Information  about  microstructural  influences  on  Kt  is  limited. 

^scc 

Studies  on  4340-type  steels  showed  that  there  was  no  effect  of  prior 
austenite  grain  size*^’ and  that  the  only  quantities  significantly 
altering  %scc  were  the  C and  Mn  contents 


143 


J46 


of  heat  treatment  on  Kjc 


ICC 


CARTER  "TW  found  no  influence 
in  a 350  grade  maraging  steel.  For  precipitation 


143 


hardening  stainless  steels  the  generally  lower  %CTCC  values  in  semi- 

austenitic  alloys  have  been  tentatively  attributed  to  the  presence  of  6- 

ferrite  with  an  associated  heavy  concentration  of  carbide  precipitates. 

Since  it  is  now  reasonably  established  that  the  mechanism  of  stress 

corrosion  cracking  in  high  strength  steels  involves  hydrogen  embrittlement 

some  work*"^*" " on  the  susceptibility  of  different  microstructures  to 

hydrogen  embrittlement  is  relevant  here,  and  is  summarised  in  Table  IV. 

There  is  a wide  variation  in  crack  velocities'*^  and  pitting  resistance*^ 

for  steels  with  similar  Kt  values.  Thus,  the  susceotibility  of  a steel 

should  not  be  rated  solely  from  smooth  specimen  time-to-fail  tests.  On  the 

other  hand,  the  usefulness  of  a fail-safe  fracture  mechanics  approach  is 

limited  to  steels  with  yield  strengths  less  than  about  1450  MM/m  , e.g. 

10  Ni  (figure  22b).  This  is  because  in  the  ultrahigh  strength  regime  the 

Kj  and  Kj  values  are  so  low,  and  the  stress  corrosion  cracking  rates 

see  c 247 

sufficiently  high  r , that  no  cracking  car.  be  tolerated  during  the  life 
of  a component. 
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TABLE  I 


HIGH-CYCLE  FATIGUE  STRENGTHS  OF  HIGH  STRENGTH  MATERIALS 


2,3 


MATERIALS 

FATIGUE  STRENGTH/ULTIKATE  TENSILE  STRENGTH 

Aluminium  alloys 

O.25  - 0.3 

Titanium  alloys 

0.3  - 0.6 

High  strength  steels  (1200  MN/m^) 

0.45 

High  strength  steels  (l800  Mtl/m^) 

0.4 

Maraging  steels 

0.35 

TABLE  II 


QUALITATIVE  INFLUENCE  OF  HI CROSTRUCTURAL  FEATURES  ON  FRACTURE  TOUGHNESS 

IN  QUENCHED  AND  TETHERED  STEELS  n4 


BENEFICIAL  INFLUENCE 

DETRIMENTAL  INFLUENCE 

Retained  austenite  network 

Large  carbides,  sulphides 

Lower  hainite 

Free  ferrite,  as  grains  or  as 

Autotempered  martensite  with  no  interlath 

platelets  in  upper  hainite 

carbides 

Upper  hainite 

Tempered  martensite  with  no  inter'lath 

Tempered  plate  martensite 

films  of  carbides 

Twinned  plate  martensite 

TABLE  III 


STRESS  CORROSION  RESISTANCE  OF  SOME  2000  AND  7000  SERIES  ALUMINIUM  ALLOYS 
IN  3.5  % NaCl  WITH  STRESSES  IN  THE  SHORT  TRANSVERSE  DIRECTION  70,119 


ALLOY-TEMPER 

,fK-r  " 

1GCC 

SMOOTH  SPECIMEN  THRESHOLD  STRESS 

DESIGNATION 

(MN/m3/2) 

(MN/m2) 
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Fig  1 Microstructural  effects  on  fatigue  strength  in  aluminium  alloys 
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Fig  2 Effect  of  microstructure  on  fatigue  life  in  TI-6AI-4V 
forgmgs  All  tests  done  with  300  MNI/m2  mean 
stress  (Ref  19) 
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Fig  3 Effect  of  texture  on  fatigue  life  in  Ti  4AI-4V  plate 
The  stress  ratio  (R^S.  -A,.,,)  was  01  (Ref  24) 


I approximate 
|regrr>e  m which 

I particles  influence 
crack  growth 
rates 


r2C24  re 
heat  F 


dl/dn 

(pm/cycie) 


approx  in  ate  '•egirr.e  n 
which  '/rack  rates  are 
ncrrnaii/eJ  c,v  plotting; 

a : , ■ • -k  • 


Fig  4 Schematic  variation  of  fatigue 
crack  growth  rate,  dl/dn,  with 
stress  intensity  factor  range,  , 


Fig.  5 Influence  of  heat-to-heat  variations  and 
heat  treatment  on  fatigue  crack  growth 
rates  in  2024  T3  at  R =0037  and  b3Hz 
in  normal  air  (Ref  37) 
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Fig  7 Comparison  between  crack  growth 
rates  in  dry  air  and  35%  aqueous  NaCI 
for  7475  and  7050  alloys  in  various 


AK 

Fig  6 Comparison  of  fatigue  crack  growth  rates 
in  2024-73  and  707 5-T6  in  air  of  varying 
humidity  with  R=-1  to  06  and  frequencies 
of  20433  Hz.  (Ref  35) 
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Fig  8 Schematic  representation  of  fatigue  Fig  9 Crack  growth  rates  in  dry  air 
crack  propagation  modes  in  titanium  for  four  microstructures  of 

alloys  in  mild  or  nominally  inert  gaseous  Ti-6Ai-4Vat  R=0.1  and  20  Hz 

environments  (Ref.  44)  (Ref  47). 
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Fig  10  Crack  propagation  rates  in  air  and  3.5 % aqueous  NaCI  for  strongly 

textured  mill  annealed  Ti-6A!-4V  sheet  at  R=0667  and  50 Hz  (Ref  52) 
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Fig.11,  Fatigue  crack  growth  rates  in  high 
strength  steels  in  air  at  various 
frequencies  and  stress  ratios  (Refs 
28,  54-72) 
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Fig  12  Crack  growth  rates  in  10  Ni  steel 
at  room  temperature  for  various 
environments  and  frequencies  with 
R=01  (Refs  70,  72) 
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Fig  13  Fracture  toughness  as  a function  of  yield  strength 
for  generic  classes  of  high  strength  materials  (Refs 
77.  78) 
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Fig  14  Effect  of  iron  content  on  fracture  toughness 
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Fig.  15.  Effect  of  grain  size  and  shape  on  fracture  toughness  of 
overaged  7000  series  aluminium  alloy  sheet  (Ref  4) 
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Fracture  toughness  of  two  aluminium  alloys  as  a function  of 
structural  coarseness  index  The  symbols  refer  to  various 
heat  treatments  (Ref  85) 
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rig  17  Comparison  of  fracture  toughness  envelope  with 
data  for  a,  near- a and  a p titanium  alloys  p worked 
or  annealed  before  further  heat  treatment  (Ref  100) 
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Fig.18  Fracture  toughness  vs  yield  strength  diagram 

illustrating  improvement  of  4340  steel  properties 
by  experimental  heat  treatment  (Ref  114) 
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Fig.  20  Composite  stress-stress  intensity 

stress  corrosion  threshold  characterization 
for  two  aluminium  alloys  exposed  in  a 
salt-dichromate-acetate  solution  (Ref  5) 


Pig  21  Comparison  of  K,s,c  envelope  with  data  for  a, 
near-a  and  a-p  titanium  alloys  3 worked  or 
annealed  before  further  heat  treatment  (Ref  100). 
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Fig  22a  Stress  corrosion  failure  times  for  high  streni 


steels  exposed  to  marine  atmosphere  at  75° 
of  the  yield  strength  Each  data  point  is  the 
average  lifetime  ot  at  least  5 specimens  of  a 
specific  steel  and  heat  treatment  (Ref  120). 
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K,  data  for  a number  of  commercial  steels  tested 
In  salt  water  (Refs  70, 117  121-128) 


